Abstract Recent advances in contrast echocardiography have improved the noninvasive assessment of cardiac structure and function. The use of harmonic imaging in combination with ultrasonic contrast agents such as SonoVue ® provides diagnostic information that was previously difficult or impossible to obtain by standard twodimensional echocardiography. A large number of studies have shown the advantages of using an ultrasonic contrast agent during stress echocardiography and for myocardial perfusion imaging. We will review the main advantages of using ultrasonic contrast agents during echocardiographic examination.
Background
Good definition of the endocardial border (EB) is crucial for accurate assessment of left ventricular function. However, when using standard echo techniques limitations are encountered in 10-20% of patients 1, 2 . The major limitation is the poor angle of incidence between ultrasound beam and the endocardium in some areas. Other limitations are due to habitus and/or anatomy of the patient: (1) obese patients with a poor acoustic window; (2) patients with cardiac displacement; (3) patients with narrow intercostal spaces; (4) patients with pulmonary disease where intervening lung tissue leads to attenuation of the signal.
The introduction of second harmonic imaging and microbubble based ultrasonic contrast agents has resulted in a better delineation of the endocardial border. After venous injection, microbubbles remain in the intravascular space, behave as red blood cells and do not impair blood flow. When microbubbles reach the LV cavity they produce a signal increase of 20-40 dB of the blood pool independently of the ultrasound beam interrogation angle (they are scatterers) and, what is most peculiar, they sing with a harmonic tune. Indeed, when insonated at a certain acoustic power, any single bubble acts as a harmonic oscillator and exhibits nonlinear vibrations. The nonlinearity of the contrast produces a "signature" that can be separated from echoes coming from tissues and large vessel blood flow, allowing improved endocardial border delineation and visualisation of capillary blood flow (i.e., perfusion). SonoVue ® (Bracco) is one of the new ultrasound contrast agents, made of stabilized microbubbles containing sulfur hexafluoride (SF 6 ), a highly echogenic, poorly soluble and totally innocuous gas, with outstanding stability and resistance to pressure 3 . When using microbubbles, a contrast-specific imaging technique is required which is based on the nonlinear properties of these contrast agents. This technique allows selection of the acoustic power (low or high), transmission of the ultrasound (US) signal at fundamental frequency and its reception at the second harmonic, showing not only a very high sensitivity to the contrast agent but also high spatial resolution similar to that of conventional B mode when used in the same transmission frequency band. Intermittent imaging with high acoustic output utilizes the unique property of contrast microbubbles to improve blood-to-tissue signal, producing images whose contrast emphasizes regions with rapid blood flow or regions with high or low blood volume. Therefore, the use of an ultrasound contrast agent together with a specific imaging technique allows enhancement of the LV blood pool cavity and hence better identification of the endocardial border 4 ( Fig. 1) by separation of the wall signal from the LV cavity flow 5, 6 (Fig. 2) . The contrastenhanced harmonic imaging produces images with vivid LV cavity opacification without significant artifacts [7] [8] [9] [10] , providing reasonably accurate measurements of the LVEF and LV volumes in patients with a wide range of image quality and cardiac abnormalities 8, 11 .
Imaging modalities
In the last few years pulse inversion imaging, power modulation, or a combination of both (CPS) have become available and improve the performance of echocardiography 12 . These techniques also improve the differentiation of contrast from tissue. By modifying the phase (pulse inversion) or amplitude (power modulation) of sequential pulses of ultrasound sent along the same scan line and summation of the received signal, the ultrasound pulses returning from the tissue cancel each other, while those from the contrast which produce higher harmonics, are enhanced. These methods are so sensitive that weaker echoes from microbubbles insonated at very low intensities can be readily imaged, which results in oscillation without bubble destruction and hence prolongation of the contrast effect. This principle is the basis of real time myocardial perfusion imaging. Standard clinical echocardiography utilises a mechanical index (MI) of around 1.0, but a lower setting, around 0.5, is usually optimal for left ventricular Several studies have demonstrated the utility of US contrast agents for endocardial border delineation 13, 14 . In a multicenter study Nanda et al. 15 showed that SonoVue improves visualization of the endocardial borders in patients with suboptimal non-contrast echocardiograms and duration of useful contrast effect. In a more recent paper 16 the accuracy and reproducibility of contrast echocardiography versus tissue harmonic imaging for measurements of left ventricular (LV) volumes and ejection fraction (EF) were evaluated and magnetic resonance imaging (MRI) was used as a reference. Two-dimensional echocardiographic evaluation of LV volumes and EF in non-selected cardiac patients was found to be more accurate and reproducible when an intravenous contrast agent was used (Table 3) .
At intra-observer analysis of the variability of EF determination, the limits of agreement were -11.1% to 7.8% pre-contrast, improving to -2.8% to 2.4% with contrast. Mean inter-observer variability went from 13.9% to 9.6%. Mean intra-observer variability improved from 5.4% to 2.5%. However 16 . what is relevant in this study is that the same is true also in patients with good images (Table 4) . In another recent multicenter study for the assessment of systolic LV function 17 , unenhanced and contrast-enhanced echocardiography was compared to cineventriculography and cardiac MRI in 120 patients. Contrast echocardiography significantly improves inter-observer agreement of EF as compared to conventional imaging and reaches a level that is comparable to MRI and higher than cineventriculography.
Analysis of regional wall motion abnormalities is also characterized by considerable inter-observer variability, even when using high-quality imaging modalities. (i.e. cineventriculography, MRI). Contrast-enhanced echocardiography as compared to conventional echocardiography significantly improves inter-observer agreement and inter-method agreement for detecting regional wall motion abnormalities 18 . The use of US contrast is also helpful in demonstrating and delineating LV masses, as shown by our group where excellent agreement with the MRI technique was obtained 19 . In summary, the use of US contrast reduces underestimation of cardiac volumes and yields a better reproducibility of EF measurement, increases concordance between different techniques, and reduces inter-and intra-observer variability. However, some limitations of the ultrasound technique, such as wrong alignment of imaging planes, long axis dislocation, geometrical assumptions and cardiac translation, are not overcome by contrast echo.
Good endocardial definition is particularly crucial when echocardiography is performed under physiological or pharmacological stress: the use of contrast agents in this situation has been found to be particularly valuable. In about 35% of stress echocardiographic studies, some segments of the Table 5 Situations in which the use of contrast agents in routine stressechocardiography can reduce the incidence of false negative and positive results
False negative
False positive Sub-maximal stress Overestimation, reading error
Medical therapy Postero-inferior wall motion
Non-critical coronary stenosis Left bundle branch block (LBBB)
Circumflex diseases Myocardiopathies
Poor imaging window Hypertensive response to stress endocardium are poorly seen, and the use of contrast agents can render most of these segments interpretable 20 . Overall, such agents improve the diagnostic reliability and accuracy and reduce inter-observer variability.
There are disadvantages in the stress-echo procedure (Table 5 ), related to poor image quality and both false positive and false negative results may occur. CE can help avoid these errors. In their study on the assessment of myocardial viability using different imaging techniques, Bax et al. 21 showed that low-dose dobutamine stress echocardiography has a sensitivity and specificity similar to or better than other imaging techniques. The use of US contrast during stress echo further increases the sensitivity and specificity by improving image quality. In another study, by Brown et al. 22 , US contrast (SonoVue) administration was shown to significantly reduce intra-observer interpretation variability of end-diastolic, endsystolic volumes and ejection fraction at rest and during stress by non skilled operators.
Myocardial perfusion
In the last decade, intravenous myocardial contrast echocardiography (MCE) for the assessment of myocardial perfusion has become a reality. This is because of development of novel approaches to imaging microbubbles. These include highpower modalities with superior tissue noise suppression that allow on-line assessment of myocardial perfusion, and low-power modalities that permit imaging with high frame rates [23] [24] [25] . These modalities specifically take advantage of the non-linear behaviour of microbubbles in an acoustic field compared to myocardial tissue which mostly has linear behaviour.
One of the first studies assessing MCE with highpower triggered imaging in stable CAD patients showed that MCE can define the presence of abnormal perfusion at rest and during pharmacologic stress, with a high concordance between MCE and 99m Tc-sestamibi-SPECT of approximately 90% 26 .
Several other studies assessed the accuracy of MCE and SPECT for detection of stable CAD. Most report a sensitivity of MCE for CAD detection that is similar to or higher than SPECT, ranging from 75% to 97%, compared to 43-100% for the latter [27] [28] [29] [30] [31] . All these studies used vasodilator stress. However, MCE has also been shown to improve sensitivity over all motion analysis during dobutamine and exercise stress echocardiography 32, 33 . Thus, MCEdetermined myocardial perfusion accurately detects flow-limiting CAD with both vasodilator and inotropic stress.
Application of this technique extends beyond the detection of CAD. MCE is capable of assessing myocardial viability, determine infarction size and evaluate reflow and no-or low-reflow after acute myocardial infarction [34] [35] [36] .
Conclusion
Contrast echocardiography has evolved rapidly in the last decade, with major developments in both contrast media and ultrasound equipment. At the same time, understanding the physical principles underlying the interaction of ultrasound with microbubbles has improved our ability to optimise the technique, making it more accurate and reproducible. Contrast echocardiography which was used predominantly for the detection of intracardiac shunts is now routinely used for left heart opacification to optimise assessment of left ventricular function during stress echocardiography when imaging is suboptimal. Contrast enhancement should be considered not only in very difficult-to-image patients, but anytime it is deemed important to have precise and repeatable measurements of LV size and global systolic performance. Further refinement in technology has brought us to the threshold of myocardial contrast echocardiography as a tool for the routine clinical assessment of myocardial perfusion.
